Hornet silk, a fibrous protein in the cocoon produced by the larva of the vespa, is composed of four major proteins. In this study, we constructed silk-gland cDNA libraries from larvae of the hornet Vespa simillima xanthoptera Cameron and deduced the full amino acid sequences of the four hornet silk proteins, which were named Vssilk 1-4 in increasing order of molecular size. Portions of the amino acid sequences of the four proteins were confirmed by Matrix-assisted laser desorption/ionization-time of flight/mass spectrometry (MALDI-TOF/MS) and N-terminal protein sequencing. The primary sequences of the four Vssilk proteins (1-4) were highly divergent, but the four proteins had some common properties: (i) the amino acid compositions of all four proteins were similar to each other in that the well-defined and characteristic repetitive patterns present in most of the known silk proteins were absent; and (ii) the characteristics of the amino acid sequences of the four proteins were also similar in that Ser-rich structures such as sericin were localized at both ends of the chains and Ala-rich structures such as fibroin were found in the center. These characteristic primary structures might be responsible for the coexisting -helix and -sheet conformations that make up the unique secondary structure of hornet silk proteins in the native state. Because heptad repeat sequences of hydrophobic residue are present in the Ala-rich region, we believe that the Ala-rich region of hornet silk predominantly forms a coiled coil with an -helix conformation.
Previous characterizations of the silk secreted by hymenopteran larvae indicate that its primary, secondary, and tertiary structures differ from those of silks produced by Lepidoptera. 11, 12, 14, 19) Amino acid analysis of honeybee silk has shown high levels of Ala, Ser, Asp, and Glu and reduced amounts of Gly in compared with Lepidopteran silk, as well as an -helix structure 14) in a coiled coil form. 21) Very recently, Sutherland et al. 15) identified the genes encoding silk proteins of the honey bee Apis mellifera. The bee silk proteins were found to be encoded by four major genes (AmelFibroin 1-4) of a divergent gene cluster and two silk-associated genes (AmelSA 1 and 2). Sutherland et al. predicted the secondary and tertiary structures of AmelFibroin proteins by applying information on the amino acid sequences to several programs; their predicted structure supported the hypothesis that honeybee silk has anhelix and a coiled coil. Our group has been investigating the properties and molecular structures of various products, such as waxes and silks, secreted by insects. 1, [6] [7] [8] 22, 23) The larvae of the hornet (Vespa) also produce silk. Recently, we have been paying particular attention to hornet silk, [6] [7] [8] and we hope to explore further the usefulness of this silk as a new, natural material. The physical properties and functions of the hornet cocoon in its native state have been studied energetically by Ishay and cowork-ers. [16] [17] [18] 20) Although they have studied the structure of the hornet cocoon in the native state and have obtained important hints as to its composition, most of their reports have given information on the cocoon's macroscopic structure based on visual observations under optical and electron microscopes. On the other hand, we have studied the cocoon's microscopic structure, including its chemical compounds, crystal structure, and conformation, by means of spectroscopic analytical methods, and have been able to develop a film from hornet silk. 6, 8) Some species of hornets build large nests. Vespa simillima xanthoptera Cameron is one of the most common hornets in Japan. This hornet is a social insect that builds a new nest each summer. The largest nests are over 1 m in diameter. Inside each large nest can be seen a very large volume of hornet silk cocoon ( Fig. 1A and B). This abundance gives the silk of V. simillima xanthoptera Cameron a quantitative edge in terms of its potential availability as a material. The amino acid composition of the hornet silk produced by V. simillima xanthoptera Cameron is high in Ala (33.5%) and Ser (16.9%) content and low in Gly (4.5%) content, as determined by amino acid analysis. 6 ) SDS-PAGE analysis of the extracted hornet silk shows four major components (Fig. 1C) . A similar composition has been found in bee silk; four honeybee fiber genes (AmelFiboin 1-4) have been identified. 15 ) Moreover, we have proposed a purification method that efficiently removes the wood fibers and wax adhering to the larval cocoon, 6, 7) We have succeeded in forming powders and transparent films of hornet silk and have determined the secondary structures and properties of the films generated.
6) The secondary structures of hornet silk proteins in the native state consist of coexisting -helix and -sheet conformations. The -sheet to -helix ratio, which is changed by processing, is largely responsible for the silk's properties, 6) including its thermostability. Although some aspects of the secondary structure of hornet silk have been revealed through solid-state NMR studies, the details, for example, the state of coexistence of the -helix and -sheet, are still unknown. To gain a detailed understanding of the higher-order structure of hornet silk and to clarify the unique properties of this silk as a material, we must determine its primary structure. Moreover, a comparison of the recently determined primary structure of bee silk 15) and that of hornet silk is important to our understanding of the silk produced by the Hymenoptera. We therefore investigated the full cDNA sequences and deduced the amino acid sequences of hornet silk produced by V. simillima xanthoptera Cameron. On the basis of the sequence obtained, we discuss the secondary and tertiary structures of hornet silk and compare them with those of bee and silkworm silks.
Materials and Methods
Larval samples. Nests of Vespa simillima xanthoptera Cameron were collected from a field in the city of Tsukuba, Japan, during autumn 2005, which is the active season for this hornet. The hornet silk was carefully gathered from the comb cells, and care was taken to minimize contamination of the silk fraction with nest paper. Mature larvae were gathered from the combs while still alive, and the silk glands were excised from their living bodies. The silk glands were thoroughly rinsed with buffer and then immersed in RNAlater (Ambion, Austin, TX).
Complementary DNA (cDNA) library construction. Total RNA was isolated from the silk glands using Isogen (Nippongene, Tokyo, Japan). poly(A) þ RNAs were isolated and purified two times (Oligo (dT)30 Super, Takara), followed by cDNA synthesis with oligodT primers. The cDNA libraries were made by the directional cloning method (cDNA Library Construction Kit, Takara, Ohtsu, Japan) using pBluescript II SK (+) vector (Stratagene, La Jolla, CA) and Escherichia coli DH10B strain (Takara, Ohtsu, Japan).
EST sequencing and analysis. The cDNA clones were chosen randomly from the silk gland cDNA library, and a sequence of nucleotides from the 5 0 and 3 0 ends of each cDNA was determined using ABI3730XL (Applied Biosystems, Foster City, CA). The ESTs were classified into groups by BLAST using a criterion of >95% identity in a sequence of >100 nucleotides and by CLUSTAL W with default parameters.
24) The sequences were corrected manually using ATGC Ver.4 (Genetyx, Tokyo, Japan), then the longest consensus nucleotide sequences and the deduced amino acid sequences were obtained. For the amino acid sequences, hydrophilicity and hydrophobicity plots were analyzed by GenetyxMac Ver.13 (Genetyx, Tokyo, Japan) with the parameter of Kyte C for 3 min, it was diluted with three times the volume of distilled water. Then 10 ml of each of the sample solutions was loaded for SDS-PAGE and SDS-PAGE analysis was carried out. Protein spots were visualized by staining with Coomassie brilliant blue (CBB).
Matrix-assisted laser desorption/ionization-time of flight/mass spectrometry (MALDI-TOF/MS). Proteins were separated by SDS-PAGE analysis, as described above. Four spots were excised from gels for alkylation with 4-vinylpyridine. 25) Modified trypsin was purchased from Promega (Madison, WI). Proteins in the gel pieces were digested with modified trypsin in 0.1 M ammonium hydrogen carbonate containing 10% acetonitrile for 16 h at 37
C. Proteins and matrix were obtained from Sigma (St. Louis, MO). Organic solvents and other chemicals were from Wako Pure Chemicals or Nacalai Tesque (Kyoto, Japan). An Ultraflex mass spectrometer (Bruker Daltonics, Bremen, Germany) was used for MALDItime-of-flight (TOF)/MS in reflector mode after ZipTip C18 (Millipore, Bedford, MA) treatments.
One micro liter solution of proteins (1 
Results and Discussion
Identification of hornet silk genes cDNA clones (n ¼ 2;316) were sequenced randomly from the silk gland cDNA library at both the 5 0 and the 3 0 ends. Finally, 3,443 available sequences were obtained. They were classified into 1,474 groups (genes). For each group, the putative amino acid sequence was deduced from the consensus sequence. We selected candidates for hornet silk genes considering (i) amino acid composition predicted from total cocoon analysis, (ii) molecular weight predicted from SDS-PAGE, and (iii) abundance in the cDNA library, because of the possible high expression in the silk gland.
We had found that four genes had similar amino acid compositions, in comparison with that of all the cocoons ( Table 1 ). The deduced amino acid sequences of each of the four candidates (accession nos. AB305013, AB305014, AB305015, and AB305016 for Vssilk 1, 2, 3, and 4 respectively) are illustrated in Fig. 2 , and the candidates were named Vssilk 1-4 in increasing order of molecular size. The molecular sizes calculated from the protein sequences of Vssilk 1-4 were 33.7, 34.4, 42.2, and 45.8 kDa respectively (Table 1) . We concluded that Vssilk 1-4 corresponded to the four SDS-PAGE bands (Fig. 1C ) in increasing order of size, because the molecular sizes (33.7, 34.4, 42.2, and 45.8 kDa) were almost identical to those estimated from the band positions of SDS-PAGE, although there were small differences due to inaccuracies in size estimation on the gels. 26 ) Vssilk 1-4 sequences were abundant in the cDNA library, as expected. Especially, Vssilk1 was the most abundant of the ESTs: 293 of 3,443 sequences (8.5%) were classified into Vssilk1. Among Vssilk2, Vssilk3 and Vssilk4, we found 36 (1.0%), 63 (1.8%), and 12 (0.3%) identical sequences respectively.
To confirm the assignment of Vssilk 1-4 to the four SDS-PAGE bands in increasing order of molecular size, the N-terminal amino acid sequences of the four SDS-PAGE band proteins were identified by Edman degradation. Edman analysis of the band attributed to the smallest molecular size indicated that the N-terminal amino acid sequence was GPSRL in one-letter amino acid symbols. This sequence existed in Vssilk 1, as underlined in Fig. 2 . Similarly, the N-terminal amino acid sequences for the remaining three bands were determined to be SSSSS, AESSS, and DRSWA respectively in increasing order of size. These sequences were present in Vssilk 2-4, respectively, as underlined in Fig. 2 . These results provided proof that the assignment of Vssilk 1-4 to the four SDS-PAGE bands in increasing order of molecular size was valid. In addition, by this Edman analysis, we were able to deduce the signal peptides in the N-termini of the translated cDNA sequences (Fig. 2) .
Moreover, these assignments were supported by
MALDI-TOF/MS analysis of each SDS-PAGE band.
A typical MALDI-TOF/MS spectrum of Vssilk 2 is shown in Fig. 3 , and the results of the analyses of Vssilk 1-4 are listed in Table 2 . Each amino acid sequence of the fragments was confirmed to be part of Vssilk 1-4.
From the results of Edman and MALDI-TOF/MS analysis, we confirmed that Vssilk 1-4 were to be assigned to the four SDS-PAGE bands in increasing order of molecular size.
Primary structure of hornet silk It is well known that the amino acid sequences of known silk proteins such as those in silkworm silks and spider silks show regular repetitive patterns. Characteristic repetitive patterns have also been found in the fibrous protein of the cocoon of the parasitic wasp Cotesia (= Apanteles) glomerata, Braconidae: 28-amino-acid repeats were recognized in the partial sequence analysis. 11) In contrast, no definite characteristic repetitive patterns were found in hornet silk, with the exception of five repeats consisting of 20 amino acids (ASXAAESSSLWEDSSSASAX) in Vssilk 4 (Fig. 2) . This unusual characteristic of non-regularity in amino acid sequences, together with a low molecular weight, has been recognized also in the AmelFibroin 1-4 silk of the honeybee. 15) Interestingly, the characteristics of the amino acid sequences of the four proteins were similar: Ser-rich structures were found to be localized at both ends of the chains and Ala-rich structures including poly(Ala) stretches in the center, as illustrated in Fig. 2 . In honeybee AmelFibroin silk, the Ser residues are wholly dispersed in chains, and no distinct Ser-rich region existed; in other words, the whole of AmelFibroin is Ala-rich. Therefore, the presence of Ser-rich regions at both ends can be said to be a characteristic feature of hornet silk. This difference was also apparent in the amino acid compositions (Table 1) : the content of Ser residue in honeybee AmelFibroin silk is lower than that in hornet silk. In addition, a difference in amino acid composition (Glu, Lys, and Val residues) between honeybee and hornet silks was found.
The cocoon of the silkworm is composed of fibroin and sericin.
5) The fibroins of wild silkworms, such as Samia cynthia ricini and Antheraea pernyi, and the fibroins of spider dragline are largely made up of repetitive regions, each consisting of a poly(Ala) stretch. 27, 28) On the other hand, sericin is characterized by a high Ser content. Our finding that Ser-rich structures were localized at both ends of hornet silk chains, with Ala-rich structures in the center, indicates that hornet silk is a complex of fibroin-like and sericinlike proteins. Table 1 shows that the amino acid compositions of Vssilk 1-4 were similar to each other, but the primary sequences were highly divergent and difficult to align (Fig. 2) . The compositional similarity of the four proteins across the species is probably a result of evolutionary convergence of different genes or of gene diversification in a cluster of duplicated genes. In the case of honeybee silk, 15) the four genes encoding the silk proteins (AmelFibroin 1-4) were closely arranged as a gene cluster, and the genes were highly diversified. Because the primary sequences of hornet and bee silks possess common characteristics (the presence of an Alarich structure and similar amino acid sequences in the Nterminal), it is likely that hornet silk genes originally consisted of a gene cluster, and have diversified with some selective constraint.
The total amino acid composition of the whole cocoon was close to that of each of the four proteins, with the exception of Cys (Table 1) . This consistency supports our present conclusion that the four Vssilk 1-4 proteins are major components of the cocoon. Moreover, the fact that Cys residues constituted more than 3.3% of the cocoon but were not present in Vssilks 1-3 and at the most constituted only 0.21% of Vssilk 4 suggests that the cocoon contains a Cys-rich protein that is a minor component of hornet silk. We also found another silkcandidate protein in the ESTs that contained potentially regular repeats, although the features of this protein could not be assigned by Edman and MALDI-TOF/MS analysis (data not shown). It may be a minor fiber protein of higher molecular weight, like the thin bands found on SDS-PAGE (Fig. 1C) . Hydrophobicity/hydrophilicity plot analyses 29) were performed for the amino acid sequences of Vssilk 1-4 (Fig. 4) . In this figure, peaks above 0 indicate hydrophobicity, whereas scores below 0 indicate hydrophilicity. In all four proteins, hydrophilic and hydrophobic regions were present alternately, zigzagging by approximately 20-40 amino residues. Similar characteristics have been seen in other fibroins. 27, 30) In silkworm and spider silks, this alternating hydrophilic and hydrophobic pattern is explained by the repetitive nature of the silk sequences: in wild silkworm and spider silks the poly(Ala) motifs correspond to the hydrophobic region and the Gly-rich region to the hydrophilic region.
27) The hornet silk proteins showed an alternating hydrophilic and hydrophobic pattern, but no regular repeat sequences. This lack of regular repeat sequences is the reason the alternations in Vssilk 1-4 had no distinct periodicity. Silkworm and spider silks have regular repeat sequences and hence show alternations with distinct periodicity. We think that this alternating hydrophilic and hydrophobic pattern is one of the characteristics of fiber proteins.
We determined theoretically the isoelectric point (pI) of the completely sequenced Vssilk 1-4 ( Table 1) by means of ProtParam (http://au.expasy.org/cgi-bin/protparam). The predicted pI values of Vssilk 1 and 2 were over 10, whereas those of Vssilk 3 and 4 were close to 5. The predicted pI of lepidopteran heavy chain silk fibroin sequences is constant, ranging from 4.37 to 5.05 28) values similar to those of Vssilk 3 and 4. We think that the extremely high pI values of Vssilk 1 and 2 are a consequence of the higher contents of positively charged Arg and Lys as compared to those of negatively charged Asp and Glu amino acids in these sequences.
The values for the grand average of hydropathicity (GRAVY) were calculated using the ProtParam sequence analysis tool ( Table 1 ). The GRAVY values for all four proteins of Vssilk 1-4 were slightly negative. Therefore, the hornet silk proteins are slightly hydrophilic. Indeed, hornet silk is highly hygroscopic but insoluble in water. Hygroscopicity and protective capability should be important for the cocoons inside the nest.
Ala-rich region As described above, the common characteristics of the amino acid sequences of the four proteins of Vssilk 1-4 were Ser-rich structures localized at both ends of the chains and Ala-rich structures in the center. Our previous 13 C solid-state NMR study of hornet silk 6) revealed that the Ala residues in hornet silk in the native state take both the -helix and -sheet form. The amount of Ala with the -helix was greater than that with thesheet. The fact that the -helix conformation of the Ala residue takes preference over the -sheet in hornet silk in the native state can be explained by the presence of an Ala-assembling structure at the center of the molecular chain, because Ala is known to be an -helix stabilizing amino acid. 31) However, in spider silk (dragline silk) and wild silkworm silk, poly(Ala) hydrophobic domain interactions lead to -sheet formation. 2, 32) This difference may be due to differences between the primary silk structure and/or spinning processes of the hornet and those of the spider and the wild silkworm. Most of the Ala blocks in spider silk are wedged between amino acids with small side chains, such as Gly and Ser, 33) whereas those in hornet silk are between amino acids with large side chains, such as Asn and Gln (Fig. 2) . The expectation is that the formation of a -sheet in the poly(Ala) domain would be inhibited (or impaired) by the bulkiness of the side chain.
Furthermore, we think that the non-regularity in amino acid sequences of hornet silk also influence its characteristic secondary structure. Tubuliform silk (egg case silk) is one of seven different spider silks. 34) This silk is unique among spider silks close to its high Ala and Ser content and very low Gly content, a composition similar to that of hornet silk. Although tubuliform silk protein contains more amino acids with large side chains (such as Val, Leu, ILe, and Phe) than do other silk fibroins, in addition to its high Ala and Ser but low Gly content, it has a preferential -sheet structure.
34) Thesheet is perhaps the key structure for the formation of fibers and in the strength characteristics of spider silk. Contrary to this, hornet silk in the native state prefers to form an -helix, if anything. 6) Recently, Tian and Lewis constructed tubuliform-gland-specific cDNA libraries. 35) Sequencing of the cDNAs of tubuliform silk revealed the repetitive architecture of its coding sequence and the novel amino acid motifs. The inferred protein, tubuliform spidroin 1 (TuSp1), contains highly homogenized repeats, and TuSp1 is the major component of tubuliform silk. The abundant regular repeat sequence of amino acids is considered to be better for -sheet formation. In contrast, hornet silk has no regular repeat sequence, which might explain the lower abundance of the -sheet in hornet silk in the native state.
The secondary structure of the fiber influences its physical properties.
36) -sheet abundance in silk is largely responsible for the silk's strength. Silkworm silk fibroin and spider silk fiber in the native state, both of which have a higher content of -sheets than hornet silk, are likely to have stronger fiber properties than does hornet silk. High tensile strength is a major functional requirement of silkworm silk fibroin and spider silk fiber. It is needed for self-protection and, in the case of spiders, to capture insects. On the other hand, it is presumably unnecessary for hornet larvae to strengthen their cocoon fibers, because the larvae are protected by the adults during pupation. In fact, hornet silk must not be excessively strong, because it must break easily during eclosion of the adult.
Coiled coils are widely distributed in nature. They are formed when helical strands interact to shield hydrophobic core residues from hydration. The silk produced by the honeybee has been predicted to form a coiled coil structure. 15, 21) As described above, hornet silk forms an -helix 6) and has an amino acid composition similar to that of bee silk. Hence, we expected that hornet silk would also possess a coiled coil formation, and we investigated the existence and location of potential coiled coil domains in Vssilk 1-4 using two programs, MultiCoil (http://multicoil.lcs.mit.edu/cgi-bin/multicoil) and MARCOIL (http://www.isrec.isb-sib.ch/webmarcoil/ webmarcoilC1.html). The MultiCoil program predicts the location of coiled-coil regions in amino acid sequences and classifies them as dimeric or trimeric. The results are shown in Fig. 5 , which presents the summed values of dimeric and trimeric coiled coil probability presented as a function of amino acid positions. As this figure indicates, a coiled-coil formation probably exists in Vssilks and is probably concentrated in the central area, which is part of the -helix rich region. Hence, we can expect that the Ala-rich region is responsible for the coiled-coil structure. The MARCOIL program 37) also predicted the existence of a coiled-coil structure in the centers of the chains of Vssilk 1-4. The locations of the coiled-coil domain predicted by the MARCOIL program are indicated in Fig. 2 . The coiledcoil domain occupied 55.7%, 52.4%, 45.6%, and 31.7% of the total amino acids in Vssilks 1, 2, 3, and 4 respectively, excluding the signal peptides.
Coiled coils are characterized by a seven-residue (heptad) repeat sequence conventionally denoted ðabcde fgÞ n , with hydrophobic residues in positions a and d. In the coiled-coil domain in Fig. 2 , each amino acid residue is allocated at the best heptad position of a, b, c, d, e, f , or g, as predicted by the MARCOIL program. Ala residues positioned at a or d are in bold letters and underlined in the coiled-coil domain in Fig. 2 , indicating a high content of Ala at positions a and d. Indeed, the total content of Ala in positions a and d was 64.3%, 60.3%, 71.2%, and 65.9% in Vssilks 1, 2, 3 and 4 respectively. This trend toward a high content of Ala in positions a and d is similar to that in honeybee silk. 15) Although the Ala residue has relatively low hydrophobicity among amino acids, the Ala at positions a and d is likely to be a driving factor in coiledcoil formation. Moreover, Ala residues are also quite abundant at positions other than a and d; Ala occupancy rates in positions other than a and d were 46.8%, 33.8%, 39.5%, and 38.2% for Vssilks 1, 2, 3, and 4 respectively. This indicates that Vssilks have multistranded coiled coils.
Moreover, this result supports our expectation that the Ala-rich region in the center of the chains takes anhelix form, because the coiled-coil structure is considered to be a prerequisite to the formation of a helical strand. Indeed, several programs used for secondary structure prediction, such as Prot Scale, 38) suggested the formation of an -helix in the coiled-coil domain (data not shown). The likelihood of an -helix formation being present in the Ala-rich region is thus high.
Additionally, the MultiCoil program predicted that the probability that B. mori silk H-fibroin has a coiled coil is almost zero (data not shown). Thus the tertiary structure of hornet silk is in marked contrast to that of B. mori silk fibroin.
Ser-rich region
In contrast to the Ala residue, the Ser residue with the -helix did not preferentially form a -sheet. 6) In general, Ser is known to be a -sheet stabilizing amino acid, because the hydroxyl group of the Ser side-chain contributes to the formation of inter-molecular hydrogen bonds.
3) Hence, we expected that the -sheet structure would dominate the Ser-rich region of both ends of the chains in hornet silk. So why did nearly half of the Ser residues form -helices? This might be because scattered Ser residues within the Ala-rich region are incorporated into the -helix. Similarly, scattered Ala residues within the Ser-rich region might contribute to the -sheet structure.
In conclusion, we identified the hornet silk genes in V. simillima xanthoptera Cameron and confirmed the full cDNA sequences and the deduced amino acid sequences for the major four proteins. The amino acid sequences of the major four proteins had a unusual characteristic in that no regular repeats existed in the sequences but they had both fibroin-like and sericin-like sequences, a situation that is unusual in the fibrous proteins of insect cocoons. This finding should be useful in elucidating the correlation between the amino acid sequences and physical properties of common silks, such as those of silkworms and spiders. Because the amino acid sequences of hornet silk differ markedly from those of these other silks, hornet silk is likely to exhibit interesting properties as a natural material. Furthermore, the secondary and tertiary structures of hornet silk are completely different from those of B. mori silk. Our present results indicate that hornet silk has intrinsic properties different from those of the silk produced by silkworms. In light of this expectation, we want to explore further the usefulness of hornet silk as a new, natural material.
